Abstract-We present a direct observation of the geometrical jitter in single photon detection by a straight superconducting nanowire. Differential measurement technique was applied to the 180-µm long nanowire similar to those commonly used in the technology of superconducting nanowire single photon detectors (SNSPD). A non-gaussian geometrical jitter appears as a wide almost uniform probability distribution (histogram) of the delay time (latency) of the nanowire response to detected photon. White electrical noise of the readout electronics causes broadened, Gaussian shaped edges of the histogram. Subtracting noise contribution, we found for the geometrical jitter a standard deviation of ≈8.5 ps and the full width at half maximum (FWHM) of the distribution of ≈29 ps. FWHM corresponds to the propagation speed of the electrical signal along the nanowire of ≈6.2×10 6 m/s or 0.02 of the speed of light. Alternatively the propagation speed was estimated from the central frequency of the measured first order self-resonance of the nanowire. Both values agree well with each other and with previously reported values. As the intensity of the incident photon flux increases, the wide probability distribution collapses into a much narrower Gaussian distribution with a standard deviation dominated by the noise of electronics. We associate the collapse of the histogram with the transition from the discrete, single photon detection to the uniform bolometric regime.
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I. INTRODUCTION
T MING jitter is an important metric of any photon detector. The detection process itself sets its ultimate value. For detector systems with SNSPDs, experimentally measured system jitter contains inevitably contributions of electrical noise, optics, recording instruments and the detector geometry. According to the formalism developed in [1] , [2] , a photoncount event is a sequence of elementary events with their particular delay times. System jitter reveals randomness of the total delay time between the appearance of the photon at the instrument input and the emergence of the photon count. Statistics of the random delay time is described by its probability density function (PDF). Standard deviation (STD) or FWHM associated with the PDF are both the measure of the jitter. Timing jitter in superconducting nanowires has been actively investigated in a few past years both theoretically [3] - [7] and experimentally [8] - [13] in order to minimize extra jitter due to electrical noise. Since the main focus has been on the local jitter inherent in the detection process, experimental studies have been performed on short nanowires in order to eliminate the contribution of the nanowire length to the measured system jitter. Due to large kinetic inductance, long nanowire in a typical SNSPD behaves as a high-impedance transmission line with a phase velocity of only 0.03c (c the speed of light in vacuum) [14] , [15] . Therefore, in practical SNSPD devices, contributions due to detector geometry (nanowire length) and due to electrical noise often exceed together the local jitter.
In our present study we evaluate the geometrical contribution to the system jitter in a straight nanowire with the topology similar to the one reported in Ref. [2] . Furthermore, we show that large photon flux reduces drastically the geometrical contribution to the system jitter. The effect allows for calibration of the noise component of the jitter. Geometrical contribution to the system jitter was studied in a straight NbN nanowire by means of two methods: the differential technique and the first-order self-resonance. With these two methods we estimated propagation velocity of the electrical signal along the nanowire and found good agreement between our data and results of other groups that justifies self-consistency of our approach.
II. METHODS AND SAMPLES
Differential or dual method for SNSPD readout was introduced in Ref. [9] , [16] . It utilizes two identical readout channels for voltage pulses produced by the very same detection event. Pulses emerge from opposite ends of a current-carrying nanowire. They have opposite polarities and are recorded independently at two channels (Fig. 1a) .
A. Formalism
Following our previous concept [2] , we consider a photon count as a composite event including several sequential stages. Each stage either distorts the rising edge of the voltage pulse (noise) or adds its own random delay time to the experimentally measured relative arrival time of the voltage pulse at the recording instruments. The probability distribution of arrival times is described by the joint PDF. Hereafter STD of the joint PDF is used to characterize system jitter in order to circumvent the dependence of FWHM on the shape of PDF. Assuming no internal reflections and that t 1 and t 2 are random arrival times of pulses emerging at opposite edges of the nanowire and that they are measured at channels 1 and 2 ( Fig.1a) with respect Fig. 1 . Schematic representation of the pulse propagation in a straight nanowire (a). Simulated signal transients for a straight nanowire with hot spot parameters from Ref. [15] , [17] and three absorption positions x = −l/2, 0 and l/2 (b).
to the common laser trigger, we can express these times as sums:
where fixed constants C 1 and C 2 are average values of t 1 and t 2 , which are defined by the lengths of the optical and of the readout paths. The delay term τ ins in (1) describes instrumental jitter. It represents random lags between optical pulse of the laser, laser trigger and the readout clock. The term τ opt stays for the optical jitter that arises due to random traveling time of a photon between the laser and the absorption site in the nanowire [12] . The term τ loc represents random delay time (latency) inherent in the detection mechanism. This delay time produces local jitter and is equal for both readout channels. We assign each photon absorption site in the nanowire of the length l the longitudinal random variable x ∋ [−l/2; l/2] (Fig. 1a) which obeys uniform probability distribution as long as the probability of photon absorption is the same at all absorption sites. For voltage pulses arriving at channels 1 and 2, this distribution randomizes their traveling times along the nanowire: x/ν p and (l − x)/ν p . Here ν p is the propagation speed of electrical signals along the nanowire. Times τ n1 and τ n2 describe distortion of rising edges for pulses at channels 1 and 2, respectively, due to electrical noise in these channels. The noise contributions in two channels are not correlated. Times τ ampl1 and τ ampl2 are random delays, due to fluctuation of pulse amplitudes (i.e. time-walk; these delays should be correlated, since if both channels have the same bandwidth and gain).
Arrival times t 1 and t 2 can be expressed through symmetric and anti-symmetric components as t 1 = T + + T − and t 2 = T + − T − , where the symmetric component T + = (t 1 + t 2 )/2 is the average arrival time, and the anti-symmetric component T − = (t 1 − t 2 )/2 is the half-delay between two pulses (Fig.1b) . Thus, we can write:
where
are constant average values, τ n± = (τ n1 ± τ n2 )/2 and τ ampl± = (τ ampl1 ± τ ampl2 )/2 are delays induced by noise and amplitude fluctuations correspondingly The contribution to the jitter from amplitude fluctuations can be eliminated by defining the arrival times at a fixed fractional level on the rising edge of each voltage pulse (analogous to constant fraction discrimination). We evaluate STDs for T + and T − by building joint, compound PDFs for sequential independent random variables analogous to Eq. (B1) in Ref. [2] . Corresponding STDs are
where σ geom = σ x /ν p is the geometrical jitter caused by position dependent traveling times of voltage pulses from the absorption site. Measuring and defining noise, in two channels independently, one can obtain geometrical jitter. According to Ref. [14] , [15] , [18] the propagation speed ν p of the voltage pulse in a nanowire is ν p ≈ (0.03 ± 0.01)c. Thus, the geometrical jitter should linearly depend on the length l of the nanowire. For uniformly distributed probability of photon absorption and in the absence of noise, PDF of the geometrical jitter is also uniform with the FWHM ∆t ≈ l/ν p and STD σ = ∆t/2 √ 3 . For a nanowire length l = 180 µm this results in a geometrical jitter 6 ± 2 ps. The above consideration neglects internal reflections of the electrical pulses at the boundaries of the hot spot and at the edges of the nanowire. As it was shown in Ref. [15] , these reflections make apparent jitter dependent on the threshold level, which is used to define arrival times of pulses at channels 1 and 2. Fig. 1b shows the effect of reflections on the rising edges of simulated signal transients at the inputs of both channels.
B. Contribution of electrical noise
For a fixed threshold trigger level on the rising edge of the pulse with a slew rate SR = dV/dt, presence of an instant positive noise voltage causes earlier trigger than it would happen in the absence of the noise. Correspondingly, the apparent pulse arrival time will be less than without noise. The rms difference between these two arrival times is called noise jitter [1] . If the rms voltage noise at the input of the readout channel is given by σ Un , the noise jitter can be computed as:
The mean slew rate could be estimated as SR ≈ 0.8A/τ rise where A is the mean amplitude of the pulse and τ rise is the mean rise time of the pulse measured between 0.1A and 0.9A. Apart from jitter measurements, the noise jitter σ n can be estimated from the expected slew rate of detector pulses along with the effective noise temperature and the bandwidth of the readout as σ n = √ k B T n Z 0 BG/SR , where k B = 1.38 × 10 −23 J/K is the Boltzmann constant, T n is an effective noise temperature of the readout seen by the nanowire, Z 0 = 50 Ω is the characteristic impedance of the readout, B is the effective bandwidth of the noise and G is the total power gain of the readout channel. To estimate relative contributions to the noise temperature of the whole readout, one could use Friis formula:
. , where T i and G i are noise temperatures and gains of elements in the readout chain. A significant contribution to T n could arise due to discretization noise of the analog-to-digital converter (ADC). This contribution T ADC can be estimated with the known signal-to-noise ratio (SNR) of the converter as SNR = (V FS /σ Un ) 2 ≈ 2 2n , where V FS is the voltage of the full scale, and n is the resolution in bits.
If the intrinsic bandwidth of the pulses produced by the nanowire is smaller than the readout bandwidth, 0.35/τ int ≪ B, the slew rate is independent of the readout and the noise jitter reduces with the reduction of B as σ n ∝ √ B. In the opposite case, when the rise time of the voltage pulse on the oscilloscope is determined solely by the readout bandwidth, τ rise ≡ 0.35/B > τ int , the noise jitter increases with the reduction of the bandwidth as σ n ∝ 1/ √ B . Thus, it is important to choose an optimal bandwidth to minimize noise jitter.
C. Straight 180-µm-long NbN nanowires
We have fabricated our straight nanowires from a NbN film with a thickness of d = 5 nm on a sapphire substrate. The film was deposited using reactive magnetron sputtering onto the heated substrate. For pattering of the nanowire, we employed a negative PMMA technique [19] . The nanowires have a width of w ≈ 105 nm and a length l = 180 µm. The critical temperature T c = 11.2 K and the critical current I c = 28.5 − 33 µA were measured. The design of the samples is shown in Fig. 2 . The nanowire is connected at both sides to a coplanar waveguide with a characteristic impedance of Z 0 = 50 Ω (Fig. 2 a) . The nanowire has tapers to prevent current crowding in contact areas (Fig.2 b) . In order to prevent optical diffraction, we additionally patterned an array of disconnected nanowires (Fig. 2 c) parallel to the photon detecting nanowire.
III. MEASUREMENTS
To ensure uniform illumination, the chip was mounted in a copper detector block with two SMA connectors and a fiber output located >5 mm apart from the substrate with the nanowire. The end of the fiber was mounted in the adjustable Teflon sled, which allows for fine lateral positioning of the fiber against the detector at the operation temperature right before measurements. To deliver optical pulses to the nanowire we used a single-mode fiber. Schematic of the setup is shown in Fig. 2 d. The detector block was connected via two coaxial cables to two room-temperature broadband biastees (Antritsu K251) with low input losses. The dc ports of bias-tees were connected to a battery-driven low-noise current source for detector bias. To amplify voltage pulses output by the nanowire, we used for both readout channels identical low-noise MITEQ AFS amplifiers. The amplifiers have a noise temperature T n1 ≈ 80 K, bandwidth B 1 = 8 GHz and a gain G 1 = 40 dB. For the second stage we used MITEQ amplifiers of AMF series with 6-dB input attenuators, T n1 ≈ 1200 K and G 2 = 24 dB with a maximum peak output voltage of 1 V. Total voltage amplification is about 1550. As the recording instrument we used the real-time oscilloscope Keysight Infiniium X93204A with a bandwidth B 3 = 5 GHz (10 GSa/s at 12 bit) and ≈ 1 mV rms noise at 100 mV/division (T n1 ≈ 2 × 10 5 K). In this setup the noise from the firststage amplifier should dominate. With the effective bandwidth of the setup B eff ≈ 5 GHz the effective noise temperature T n = 125 ± 10 K is expected which should result in an rms noise voltage σ Un ≈ 32 mV.
A. Triggering, noise jitter, T − and T + jitter
The real-time oscilloscope continuously digitizes signals at the input channels and stores all the measured points in the internal cyclic buffer with time stamps which are positioned with an accuracy better than 100 fs. Triggering was performed at the rising edge of the voltage pulse from one of the nanowire ends. The trigger was not used for measurements of the interval between arrival times of pulses, but only to select a relevant data from the cyclic buffer of the oscilloscope.
To eliminate extra jitter due to amplitude fluctuations, we measured all arrival times at the fixed fractional level on the rising edge of the corresponding voltage pulse. To measure time intervals, we used a built-in function of the oscilloscope for delta-time measurement. This function finds the selected level of each instantaneously acquired pulse and measures the time interval between pulses at different channels. Single measurement gives instantaneous values of t 1 and t 2 with respect to the laser trigger, which are stored for further processing. We accumulated 10 4 measurements and obtained histograms shown in Fig. 3 .
Estimated optical jitter due to the dispersion in the fiber is σ opt ≈ 8 ps [2] . The measured instrumental jitter is σ ins ≈ 1.8 ps. The measured voltage noise is σ Un1 ≈ 26 mV and σ Un2 ≈ 40 mV for channel 1 and 2, correspondingly, which is in good agreement with the estimations. The slew rates at rising edges were SR 1 ≈ 6 mV/ps and SR 2 ≈ 6.5 mV/ps, which results in noise jitters of σ n1 ≈ 4.0 ± 0.8 ps and σ n1 ≈ 6 ps . The rise time of pulses is τ rise ≈ 125 ps, which is approximately corresponds to the expected time resolution of the readout. The T − histograms shown in Fig.  3a were recorded at two different incident photon fluxes on the nanowire. The histograms have notably different shapes. An optical attenuator, which we used in the experiment, was not calibrated that leaves the relative light intensity unknown. At the larger intensity we obtained an almost Gaussian PDF with the standard deviation σ T − ≈ 4 ps. At the lower intensity STD was significantly larger σ T − ≈ 9.4 ps, while PDF has a non-gaussian, flat profile. Fig . 3b shows a typical T + histogram recorded at the lower light intensity and the best fit with the exponentially modified Gaussian distribution described in Ref. [2] .
B. First order self-resonance
According to electromagnetic simulations with our detector parameters, nanowire has a characteristic impedance Z wire ≈ 3 kΩ as a transmission line. We do not use matching circuits between the nanowire and the readout; the nanowire ends were directly coupled to 50-Ω lines. It allows to observe selfresonances in the nanowire, which is an inductively coupled distributed transmission resonator. According to the reported values of the propagation speed [14] , [15] , the first-order selfresonance (l = λ/2, is the wavelength) for our nanowire with the length l = 180 µm is expected at the frequency f λ/2 = ν p /2l in the range 17 ± 3 GHz. To probe the selfresonance, we removed the amplifiers and connected the nanowire to a vector network analyzer. The resonance was found at a central frequency of f λ/2 = 18.5 GHz (Fig. 4) . The resonance frequency decreases with the increase of the dc bias current that corresponds to an increase of the kinetic inductance.
IV. DISCUSSION The PDF of the half-delay time between arrivals of pulses at two channels, T − , which is shown in Fig. 3a with open circles, was obtained at the smaller light intensity. At small intensities the nanowire operates in the discrete single-photon detection regime. Recorded histogram contains both the geometrical and noise contributions (Eq. (3)). In the following discussion we neglect internal reflection in the nanowire. We believe that due to saturation of the 2nd amplifier and corresponding gain compression, measurements were performed effectively on a lower than 50% threshold level. This partly compensated the effect of internal reflections (see Fig. 1b ). Another important issue is the resistance and the life time of the normal domain in the nanowire which are also affected by reflections. Suggesting that noise jitter and geometrical jitter are statistically independent, we estimated geometrical jitter from Eq. Further, assuming uniform probability of photon absorption and neglecting reflections in the nanowire, we estimate propagation speed as ν p = l/2 √ 3σ geom ≈ 6.2 × 10 6 m/s or 0.02c. To do it more rigorously, we fit the measured PDF with the convolution of the uniform and the Gaussian probability distributions, which describe two conditionally independent variables (absorption position and voltage noise):
Here erf is the error function and H, t 0 are the height and the center of the histogram, σ n is the measured noise jitter and ν p is the fitting parameter. The best fit is shown in Fig. 3a (open circles). It was obtained with the propagation speed ν p ≈ 6 × 10 6 m/s. The PDF of the half-delay time (Fig. 3a , open squares) obtained with the larger light intensity was fitted with the Gaussian probability distribution. The best fit shown in Fig. 3a has the STD of 4 ps, which coincides with the calculated value of the noise jitter σ n ≈ 0.5 σ 2 n1 + σ 2 n2 . We associate the emergence of the Gaussian PDF with the transit of the nanowire into the bolometric operation regime as it was described in Ref. [2] . In this regime, the geometrical jitter is averaged out. The propagation speed obtained with the fitting procedure agrees well with the value obtained from λ/2 selfresonance.
V. CONCLUSION
We have found an almost uniformly distributed difference between times of emergence of photon counts at two ends of a straight nanowire subject to uniform photon flux and directly coupled to 50-Ω environment. We attribute the uniform distribution to the geometrical jitter and obtained values of the propagation speed for voltage pulses in the nanowire in good agreement with the previously reported values and with the speed, which was estimated from the central frequency of a first-order self-resonance. We associate the reduction of the geometrical jitter below the noise jitter at large photon fluxes with the emergence of the bolometric detection regime, which offers the possibility for accurate calibration of the contribution of the electrical noise into the timing jitter.
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